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1. Abstract 

This note describes primarily the electrical protection of 

a prototype low-current (Q 200A) superconducting magnet, type 

6SD48, installation #BH716X, installed in the Proton-West beam 

line. The magnet protection consists of lead over-voltage detection, 

magnet quench detection, energy dump resistors, He level interlocks 

and a heater power supply. Several other protective interlocks 

have been installed in the magnet power supply to permit safe 

operation of the equipment. 

Attached drawings give detailed information about the used 

circuitry. 

2. Description of the superconducting magnet 6SD48 

The magnetl) is 4-feet long and has a 6" cold bore. The 

windings are made by connecting the 15 individually-insulated 

strands of a superconducting cable in series. Thin, stainless 

steel strips are non-inductively wound in alongside some coil 

windings. These strips are used as heating elements and are 

supplied from an external heater power supply. Supplying current 

to the strips promotes quenching of the whole magnet, after a 

spontaneous quench has been detected. 
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The total magnet coil consists of 4 sections. The series 

connection between these sections is brought to the outside via 

simple, non-cooled safety leads. External dump resistors are 

installed across each coil section. These resistors dissipate a 

portion of the magnet's stored energy. This system is safer 

than one external dump resistor between the power leads, because 

an open circuit, developing inside the magnet, will not interrupt 

the ampere turns required to maintain the instantaneous magnet 

flux. The current will simply transfer to the active coil windings, 

due to the transformer action of the magnet. Multiple external 

dump resistors also allow better control of the maximum voltage 

excursions within the coil. The electrical parameters of the 

magnet are listed below: 

L=16H 

B = 42 KG at 210 A 

I = 210 A max. (75% of short sample) 

E = &L-i2 s 350 KJoules 

Power lead current rating: 500 A 

"Coffee leads" by American Magnetics, Inc. 

Max. permissable power lead voltage drop: 200 x 1o-3 V at 500 A 

Max. permissable magnet voltage across 

terminals and to ground: 1000 V momentary 

Note: Parameters are different than in reference l), 

due to the addition of iron. 
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The magnet power leads are installed between the outside and 

the cryogenic environment of the coil. These leads are therefore 

purposely made thin. They have a number of small-diameter longi- 

tudinal cooling holes. Helium gas flows from the magnet through 

these holes to the warm gas return line, while cooling the leads. 

The magnet power leads might get damaged from over-heating, should 

the cooling passages get blocked. Lead over-voltage detectors 

are therefore installed at each magnet lead. The energy dump 

resistors are automatically activated via the quench switch, 

when the lead voltage drop exceeds a preset level. This assures 

fast turn-off of the magnet. 

3. Description of the magnet power supply 

The magnet power supply is rated 300 ADC at 7.5, 15 or 30 VDC2). 

Output voltages can be manually selected by means of secondary 

transformer taps. The current-regulated power supply uses secondary 

SCR's in a six-phase star configuration, with a freewheeling diode 

across the output. There are no ripple reduction filters at the 

DC output. 

The unit is forced-air cooled and is fed from a 480 V, 3$ line, 

via a 30 Amp. circuit breaker. The power supply also contains the 

quench switch and lead over-voltage detectors. The heater power 

supply is external of the magnet supply, but could be installed 

as an integral part of future power supplies. 

4. Basic Quench Protection 

Figure 1 shows the basic quench protection and magnet power 

circuit, used for the superconducting magnet. 
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Figure 1 

Basic Quench Protection 

During normal operation switch Sl is closed and the heater switch 

sH is open. The input voltage across the superconducting magnet 

is 0 volts when i is constant and equals L $$ (RD neglected) 

during charging. 

The quench imbalance-detector bridge is balanced when: 

wL1 R4 3 0.6~ R3- Thus, with proper adjustment of R4, the input 

to the bridge amplifier will remain 0 volts while the magnet 

charges. Ll and L2 represent the top and bottom half of the magnet 

coil. The safety lead attached to the center of the magnet coil 

is used with the bridge. R3 and R4 are externally-mounted resistors. 

When a quench develops, a small part of the magnet coil becomes 

resistive, which imbalances the brTdge. (fig. 2) 
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The magnet power supply will try to maintain a constant current 

during a quench. It will therefore supply a voltage Vq to overcome 

the voltage drop across the quenched section Vq = iR. . cl: 
The bridge 

amplifier sees +V q across its input. This imbalance signal is 

compared to a preset reference (trip) level. Exceeding the trip 

level opens Sl permanently and closes SH (fig. 1). SH opens itself 

again via the heater control circuits, after a few seconds have 

elapsed. Opening Sl disconnects the power supply from the magnet. 

However, the stored energy in the magnet will try to maintain the 

same current. This can only take place through the energy dump 

resistor, which is in parallel with the magnet. The magnet polarity 

will reverse and rise to a value: V = iRD 2 1000 V (momentary 

insulation rating). Thus, for i = 250 A, it follows that RD < 4 R. 

Making RD much smaller means that a larger fraction of the stored 

energy is dissipated in the cryogenic environment of the magnet 

coil. 
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The heater assures, by promoting large coil areas to quench, 

that not too much energy is dissipated in a small coil area, which 

may cause local overheating. The dump resistor dissipates a 

reasonable amount of the stored energy outside. 

4.1. Construction of the cruench switch 

Previously-discussed figure 1 shows a very simple quench switch 

using mechanical contacts. Voltage and current ratings are, how- 

ever, such that it is more economical to use SCR's to do the job. 

Attached drawing #ATV022180 shows the used quench switch in 

detail. The switch is rated for 300 A, 1000 V, and is aircooled. 

We have to bear in mind that any circuit physically connected to 

the magnet has to be able to withstand 1000 V to ground. The upper 

half of the drawing shows the bridge imbalance detector, which 

senses a magnet imbalance via isolation resistors mounted at the 

magnet. These resistors are installed at the magnet for safety 

reasons. 

Switch SlA permits preliminary balance adjustments without 

running the power supply. 

The inner and outer coil sections of the magnet have different 

turns with approximately an 8 to 10 ratio. It happened that the 

bridge "center" tap was installed at the series connection between 

two inner and two outer coils. Bridge balance, independent of the 

frequency, can only be obtained by giving the dump resistors ratios 

equal to the induced voltages in the coil sections of the bridge 

circuit. The ratio of the dump resistors must therefore be about 

the same as the turns ratios of the coil sections and depends on 

how the coils are laid in the magnet. Adjusting two of the dump 
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resistors to 0.8 L? gives satisfactory balance during start-up. 

We see, from the drawing, that an imbalance voltage enters the 

isolation amplifier (PC#l). PC#2 contains the signal rectifier 

(558), and the comparator (741). It produces four isolated output 

pulses at PTl and PT2 when the signal level exceeds the trip level. 

PC#2 will also fire, when the inverting input of the comparator 

is made to go negative by closing a contact across 2/9 and 2/7. 

A temporary contact closure derived from the on/off relay (drawing 

#ATVO21180) of the power supply is used for this function. Thus, 

any interlock trip, unrelated to magnet imbalance, will also fire 

the quench switch. The four isolated pulses from PC#2 have different 

functions, Two pulses have ."outside quench switch" functions. 

They fire the heater P.S, and block the main P.S, SCR's. 

The two other pulses are used "inside" the quench switch 

controls. One fires S4, which shorts the output from the 5 V and 

10 V gate power supplies for Sl. A negative voltage develops at 

Sl gate as soon as S4 is on (PC3). Of course, making the gate 

of Sl negative will not turn the DC current through Sl off. Sl, 

needs also to have a reverse voltage for a period longer than its- 

turn-off time tqe This reverse bias voltage is supplied from pre- 

charged capacitor Cl, and appears at the instant S3 fires from the 

remaining pulse of PC#2. Cl discharges and voltage sense relay 

Kl drops out. This drops the power supply summation string and 

also removes the reverse bias from Sl gate via Tl. SCR4 will thus 

automatically resume a blocking condition. Sl is now off. The 

magnet current will now continue to flow through the dump resistors 

and through Cl, via S3. Cl will charge in reverse to a voltage 

equal t0 iRDe S3 shuts off automatically when the magnet current 
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decays to zero. The "quench-charge ready" power supply at T2 

tries to maintain the current through S3 via the magnet and the 

magnet power supply bypass diode, but is current-limited via two 

1KQ resistors. This current is smaller than the minimum holding 

current required for S3. Another function of the current-limiting 

resistors is to reduce the current through the "quench-charge ready" 

power supply diodes, when Cl is charged in reverse. 

At this point in time the quench protection has done its job. 

The "quench-charge ready" power supply will again charge Cl in 

the proper direction. Kl picks up, when there is sufficient charge 

at Cl, which permits gate power to Sl, and a "quench-charge ready" 

permit to the magnet power supply. 

The minimum size of Cl depends on the magnet current i, the 

turn-off time tq of SCR Sl, and the charge voltage of Cl. 

$2 = cv 

For t cl = dt we can write: it = C dV 
q . 

or: c = trs 
dV 

The magnet current stays practically constant during the time that 

Cl discharges. Say that: 

i = 300 Amp 

% = 60 x lo- sec.(turn-off time of SCR#470PB170) 

dV = 150 V (charge voltage of Cl) 

Then we find: 

Cl = 300 x 60 x 1O-6 
150 

Cl = 120p.F (minimum required) 
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A safety factor of about 4 is used in this design, to take care 

of currents running through the dump resistors and the charging 

of stray capacitances. Selecting an SCR with a short turn-off 

time allows the use of a smaller capacitor Cl. Typical turn-off times 

for most SCR's are 50 x 10e6 to 100 x 10v6 seconds. Relay K3 provides 

automatic discharge of Cl via door interlocks, for personnel 

safety. Loss of the 2 15 VDC power supply would go unnoticed and 

render the quench switch inoperative. Relay K2 is therefore 

installed and interlocked to the P.S. permit string. 

4.2. Description of the dump resistors 

The dump resistors must be able to dissipate most of the 

stored energy in the magnet without melting. The ohmic value is 

limited by the maximum permissable voltage across the magnet 

terminals, which is about 1000 V. A magnet running at 250 A 

would limit the dump resistor to 1000 - = 4Q maximum. 250 The amount 

(weight) of steel in the dump resistors determines how much heat 

can be dissipated safely. The specific heat of steel is c % 500 

Joules/'CKG, which means that it takes 500 Joules to raise 1 KG 

of steel lo C. 

The stored energy in the magnet is %Li2 = % x 16 x 2102 = 

353 x lo3 Joules. If AT is the permissable temperature rise of 

the steel in 'C, we find for the weight W: 
*Li2 w=- 
c AT KG 

+Li2 in Joules 

c in Joules/'C Kg 

AT in 'C 
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Allowing AT = 200°C gives: 

w= 353 x lo3 5oo x 2oo z 3.5 Kg minimum 

It is assumed that all stored energy of the magnet is dissipated 

in the dump resistors, which is not the case. The energy dump 

resistors that have been installed are edge-wound, industrial-power 

resistors, of 1Q each (Westinghouse #R20SElDOO). They have a 

temperature rise rating of 375OC. One such resistor has been 

installed across each of the four coil sections. 

5. The lead over-voltage detector 

The lead over-voltage detector is show on drawing #ATV020180. 

The lead voltage is sensed via limiting resistors at the magnet, 

since the magnet will develop about 1000 V during a quench. The 

lead voltage is amplified (45J), rectified (558) and compared to 

a reference at 741. Lead voltages exceeding the reference level 

trip the power supply via relays Kl. The lead voltage detector 

is built into the power supply. 

6. The heater power supply 

We have used an EM1 power supply for the heater as shown in 

drawing #ATV020880. This power supply is resistance-programmed to 

a pre-set level of about 70 VDC from l/7 and l/8. Opening and 

closing relay contact Kl-1 makes the heater power supply output 

go on and off. 

Relay Kl is normally picked up, which makes the heater supply 

sit at about 70 VDC output. The output voltage level is adjustable 

by means of the potentiometer across l/7 and l/8. When the quench 

switch sends a firing pulse to the heater controls, it fires the 
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series SCR SR via the heater controls. The heater current then 

flows through the heater strips in the magnet. At the same time, 

the heater controls send a pulse to open a pressure relief (ROSS) 

valve at the magnet. 

After 0 to 2 seconds (adjustable) have elapsed, relay Kl 

drops out, which makes the reference to the EM1 heater supply go 

to 0 volts. The heater current decays to zero and SR goes off. 

The heater pulse is now over. 

Should the heater stay on for some reason, then the "heater 

on overtime" relays K3, K4 will trip the AC feed to the heater 

supply via 2/8 and 2/9, after 4 seconds have elapsed. 

K2 is a heater-ready sense relay, which makes sure that the 

magnet power supply cannot start without the heater voltage being 

at the proper D.C. level. K2 in interlocked to the magnet power 

supply "permit interlocks" via 2/l and 2/2. 

The heater power supply is external of the magnet power supply. 

A simpler and less expensive heater power supply, consisting of 

a contactor, a transformer with taps and secondary diodes, could 

be used for future applications. 

This supply and its control could be built into the magnet 

power supply. 

7. Interlock flow diagram 

Attached Fig. 3 shows the interlock flow diagram. This flow 

diagram is self-explanatory after the preceding text has been read. 

Wiring plan drawing #ATV012880 shows most of the interconnections 

between the equipment. 
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